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Ghent, Belgium; Saga, Japan; and London, United KingdomObjectives This study sought to better understand and optimize provisional main vessel stenting with
ﬁnal kissing balloon dilation (FKBD).
Background Main vessel stenting with FKBD is widely used, but many technical variations are possible
that may affect the ﬁnal result. Furthermore, most contemporary stent designs have a large cell size,
making the impact of stent platform selection for this procedure unclear.
Methods Finite element simulations were used to virtually deploy and post-dilate 3 stent platforms in
3 bifurcation models. Two FKBD strategies were evaluated: simultaneous FKBD (n ¼ 27) and modiﬁed
FKBD (n ¼ 27). In the simultaneous FKDB technique, both balloons were simultaneously inﬂated and
deﬂated. In the modiﬁed FKBD technique, the side branch balloon was inﬂated ﬁrst, then partially
deﬂated, followed by main branch balloon inﬂation.
Results Modiﬁed FKBD results in less ostial stenosis compared with simultaneous FKBD (15  9% vs.
20  11%; p < 0.001) and also reduces elliptical stent deformation (ellipticity index, 1.17  0.05 vs. 1.36
 0.06; p < 0.001). The number of malapposed stent struts was not inﬂuenced by the FKBD technique
(modiﬁed FKBD, 6.3  3.6%; simultaneous FKBD, 6.4  3.4%; p ¼ 0.212). Stent design had no
signiﬁcant impact on the remaining ostial stenosis (Integrity [Medtronic, Inc., Minneapolis, Minnesota],
16  11%; Omega [Boston Scientiﬁc, Natick, Massachusetts], 17  11%; Multi-Link 8 [Abbott Vascular,
Santa Clara, California], 19  8%).
Conclusions The modiﬁed FKBD procedure reduces elliptical stent deformation and optimizes side
branch access. (J Am Coll Cardiol Intv 2014;7:325–33) ª 2014 by the American College of Cardiology
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326The provisional side branch stenting strategy is currently the
gold standard for treating most coronary bifurcation lesions
because the systematic use of more complex 2-stent tech-
niques does not improve clinical outcomes (1,2). This
approach involves stenting of the main branch and, if
necessary, stenting of the side branch.
Even though ﬁnal kissing balloon dilation (FKBD) is
considered mandatory for which both branches are stented
(3), the clinical beneﬁt of routine FKBD after main vessel
stenting has not yet been proven (4–6). FKBD after main
vessel stenting is, however, widely used and is recommended
for side branches with >75% ostial stenosis (7–9). Attempts
to better understand and to further optimize the technical
aspects of this technique are therefore justiﬁed.
In this study, computational modeling was used to
compare 2 different FKBD strategies and to evaluate the
impact of stent design when stenting the main vessel only.
Methods
Virtual bench testing. Finite element computer simulations
were used to virtually deploy and post-dilate stents in 3
different stenosed bifurcation models, mimicking a rangeAbbreviations
and Acronyms
CT = computed tomography
FKBD = ﬁnal kissing balloon
dilation
POT = proximal optimization
techniqueof coronary bifurcation anato-
mies (Fig. 1). The outer wall
diameters were 1.6 times larger
than the nondiseased inner di-
ameters because this results in a
realistic wall thickness according
to the anatomic data reported by
Holzapfel et al. (10). The layeredstructure of the arterial wall was taken into account, and
different isotropic hyperelastic material properties were
assigned to the different tissue layers (intima, media, and
adventitia) and to the plaques (10,11). All simulations were
performed using the Abaqus/Explicit ﬁnite element solver
(Dassault Systèmes, Velizy, France). Details of this
method to study bifurcation stenting have been previously
described (12–14).
Three 3.0-mm stents with a length of 18 or 20 mm were
tested: the Integrity stent (Medtronic, Minneapolis,
Minnesota), the Omega stent (Boston Scientiﬁc, Natick,
Massachusetts), and the Multi-Link 8 stent (Abbott
Vascular, Santa Clara, California). Virtual stent models were
generated by reverse-engineering actual stent samples using
high-resolution micro-computed tomography (CT) imaging
(12,15). Material properties for the different metallic alloys
were taken from O’Brien et al. (16). All virtual balloon
models were validated against their respective compliance
charts.
Each stent was deployed 3 times in each bifurcation
model to obtain different stent positions with respect to the
side branch ostium, leading to 27 stent deployments. The
stents were sized according to the distal branch diameter anddeployed following the manufacturer’s compliance chart to
reach a diameter of 3.2 mm.
The proximal stent segment was post-dilated using a
short noncompliant Sprinter balloon (Medtronic) sized ac-
cording to the proximal branch diameter. Such post-dilation
is known as the proximal optimization technique (POT) (9).
Two different FKBD strategies were tested in each of the
27 deformed conﬁgurations obtained after the POT: simul-
taneous FKBDandmodiﬁed FKBD (Fig. 2). In simultaneous
FKBD, both the side and main branch balloons were simul-
taneously inﬂated and deﬂated, with a maximal balloon
pressure of 12 atm. In modiﬁed FKBD (which is based on a
suggestion by Dr. Hikichi), the side branch balloon was
inﬂated to a pressure of 12 atm and then deﬂated to 4 atm.
Subsequently, the main branch balloon was inﬂated to a
pressure of 12 atm. Eventually, both balloons were fully
deﬂated. For both strategies, a noncompliant Sprinter and a
semicompliant Sprinter Legend balloon were used for the
main and side branch, respectively. Both balloons were sized
according to the distal branch diameters. Side branch
recrossing was performed through a mid-distal cell.
In vitro bench testing. The accuracy of the ﬁnite element
simulations was veriﬁed by comparing the virtually-predicted
stent deformations with in vitro observed stent deformations.
Flexible polymer replicas of bifurcation model A (Fig. 1)
were manufactured using rapid prototyping techniques. One
sample of each stent was deployed and post-dilated using
the simultaneous FKDB strategy, as described earlier. The
ﬁnal stent deformations were visualized using micro-CT
(HMX-ST micro-CT, X-Tek Systems Ltd., Tring, Hert-
fordshire, United Kingdom) at a voxel resolution of 23.7
or 28.3 mm/voxel. The scanned volumes were exported in a
DICOM format ﬁle, and the stents were reconstructed by
segmentation using 3DSlicer (Massachusetts Institute of
Technology, Cambridge, Massachusetts).
Quantitative analysis. The following parameters were
quantiﬁed for all simulated cases after both simultaneous and
modiﬁed FKBD (n ¼ 54): ostial area stenosis, strut mal-
apposition, and ellipticity of the proximal stent segment.
Ostial area stenosis was quantiﬁed in a planar projection
perpendicular to the side branch axis following the deﬁnition
proposed by Ormiston et al. (17): (A1  A2)/A1  100%,
where A1 is the total area of the side branch ostium and A2
is the largest area free of struts.
The stent strut apposition was evaluated by measuring the
distance from the centerline of the outer stent surface to the
inner surface of the arterial wall. For the Integrity stent,
which has circular struts, the initial outermost point of the
struts was used for the distance measurements. Strut mal-
apposition was automatically quantiﬁed by calculating the
percentage of strut length for which the distance to the
luminal surface of the bifurcation model exceeded 100 mm.
The elliptical stent deformation in the middle of the
proximal stent segment was analyzed by manually ﬁtting an
Figure 1. Overview of the Different Bifurcation Models
The luminal diameters are indicated in each branch. All stents are placed from the nondiseased part of the proximal main vessel toward the branch with a 2.9-mm
diameter.
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327ellipse on the deformed stent cross section. An ellipticity
index was derived, deﬁned as the ratio of the maximal-to-
minimal ellipse diameter.
Statistical analysis. The impact of the stent type (Integrity,
Omega, or Multi-Link 8) and FKBD procedure (simulta-
neous or modiﬁed) was ﬁrst studied by means of analysis of
variance using IBM SPSS statistical software version 20
(IBM, Armonk, New York). A general linear model was
constructed using stent type as an independent factor. The
FKBD procedure was included as a repeated-measures factor
to account for the fact that both simulations started from the
same initially deployed stent conﬁguration. Statistically
tested dependent factors were ostial area stenosis, strut
malapposition, and the ellipticity index. Interaction between
factors was included in the model. If the general linear
model test indicated an overall signiﬁcant effect (assuming a
threshold value of p ¼ 0.05), post-hoc testing was performed
for pairwise comparison using the Bonferroni correction.
Results
Virtual versus in vitro bench testing. Bifurcation stenting
techniques are traditionally investigated and optimized using
in vitro bench tests. Stents are deployed in mock artery
models, and the resulting deformations are visualized using,
for example, micro-CT. In this study, ﬁnite element com-
puter simulations were the primary research tool, and only a
few in vitro bench tests were performed to evaluate the ac-
curacy of the virtually-predicted stent deformations. Overall,
good qualitative agreement was obtained between simulated
and in vitro observed deformations, as shown in Figure 3,
and differences were mainly due to the variability of the
FKBD procedure. For example, stents may have a differentposition with respect to the side branch ostium, and the
balloons during FKBD may have different relative positions.
Impact of the FKBD strategy. Simultaneous FKBD at 12 atm
opens the stent cell at the side branch ostium, but a
remaining ostial area stenosis of 20  11% was observed.
This FKBD strategy also results in elliptical deformation of
the stent in the proximal main vessel (ellipticity index, 1.36
 0.06). The modiﬁed FKBD technique results in a lower
remaining ostial area stenosis (15  9%; p < 0.001) and also
reduces elliptical stent deformation (ellipticity index, 1.17 
0.05; p < 0.001), as illustrated in Figure 4. The number of
malapposed stent struts was similar with both FKBD stra-
tegies (simultaneous FKBD, 6.4  3.4%; modiﬁed FKBD,
6.3  3.6%; p ¼ 0.212). Malapposed stent struts were
observed at different locations: at the side branch ostium; in
the main vessel near the side branch ostium; at the shoulders
of the plaque; and in the proximal stent segment, where
struts are present that are not in contact with any of the 2
overlapping balloons (Fig. 4). All results are summarized in
Table 1.
Impact of stent design. The impact of stent design was
evaluated by combining the results of the simultaneous and
modiﬁed FKBD simulations (18 for each stent). The con-
clusions regarding the impact of the stent design remain
unaltered when only considering the simultaneous or
modiﬁed FKBD group. Ostial area stenosis after FKBD was
16  11%, 17  11%, and 19  8% for the Integrity,
Omega, and Multi-Link 8 stents, respectively, with no
statistically signiﬁcant differences between the different
platforms. Large variations in the remaining ostial area
stenosis were observed for each stent. The range of measured
ostial area stenosis was 2% to 39% for the Integrity stent,
4% to 43% for the Omega stent, and 6% to 31% for the
Figure 2. Overview of the Evaluated FKBD Strategies
All stents were ﬁrst deployed and then post-dilated with a shorter and a larger balloon. This post-dilation is known as the proximal optimization technique (POT) and is
recommended by the European Bifurcation Club (9). The obtained conﬁgurations after POT were used to evaluate 2 different ﬁnal kissing balloon dilation (FKBD)
strategies: simultaneous FKBD and modiﬁed FKBD. In the simultaneous FKBD approach, both balloons were simultaneously inﬂated (to 12 atm) and deﬂated. In the
modiﬁed FKBD approach, the side branch (SB) balloon was inﬂated ﬁrst (to 12 atm), and then partially deﬂated (to 4 atm). Subsequently, the main branch (MB) balloon
was inﬂated to 12 atm, and eventually both balloons were deﬂated.
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328Multi-Link 8 stent. Figure 5 shows an example of a good
and a suboptimal opening of the stent cell toward the side
branch for each stent design.
The number of malapposed stent struts was signiﬁcantly
lower for the Integrity (3.8  1.2%) compared with the
other 2 designs (Omega, 8.5  4.4%; Multi-Link 8, 6.7 
2.2%; Integrity – Omega, p < 0.001; Integrity – Multi-Link
8, p < 0.001). One representative case for each design is
depicted in Figure 6, highlighting the locations of the
malapposed stent struts.
Discussion
FKBD is commonly performed after main vessel stenting to
improve side branch access while preventing stent distortion
within the main vessel. It also helps to optimize stent
expansion in the proximal segment when the POT is not
used. There are, however, many different ways to perform
FKBD, for example, balloons can be inﬂated and deﬂated
simultaneously or sequentially or equal or unequal pressurescan be used, but the impact of these technical variations is
not fully understood. In this study, we used computer sim-
ulations to compare 2 different FKBD strategies: simulta-
neous and modiﬁed FKBD. The obtained results show that
modiﬁed FKBD after the POT leads to lower ostial stenosis
and reduces elliptical deformation in the proximal main
vessel, but does not alter the number of malapposed struts. It
remains unknown whether modiﬁed FKBD would still be
beneﬁcial if the POT is not used.
Less ostial area stenosis after modiﬁed FKBD is the result
of ﬁrst inﬂating the side branch balloon, which maximizes
the opening of the cell toward the side branch. In simulta-
neous FKBD, opening of this stent cell is hindered by the
simultaneously inﬂated main branch balloon. Ormiston et al.
(17) reported a similar observation when studying the crush
stenting technique using in vitro bench testing.
Reduced elliptical deformation after using the modiﬁed
FKBD technique is a direct consequence of lowering
the pressure in the side branch balloon before inﬂating the
main branch balloon. Using a lower pressure has no
Figure 3. Comparison of In Vitro Observed and Virtually-Predicted Stent Deformations
A few in vitro bench tests (top) were performed to evaluate the accuracy of the stent deformations predicted by the ﬁnite element computer simulations (bottom).
The simultaneous ﬁnal kissing balloon dilation (FKBD) technique was used in both cases. The stent deformations in the in vitro bench tests were visualized using micro-
computed tomography (CT). Overall, the stent deformations after FKBD correspond well. There are inevitable differences due to the variability of the FKBD procedure:
differences in stent position with respect to the side branch ostium, variations in balloon overlapping in the proximal segment, and differences in recrossing position of
the wire.
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329negative impact on the correction of the main vessel stent
distortion, as shown by the number of malapposed stent
struts, which is nearly identical. The similar amount of
strut malapposition also indicates that elliptical stent
deformation is not correlated with strut malapposition. It
should be noted, however, that the absence of such corre-
lation could be related to other factors, such as a difference
in stent area.
Reduced elliptical stent deformations after using the
modiﬁed FKBD technique might be important, because
such deformations have been associated with a greater
amount of thrombus in an optical coherence tomography
study (18). Alternatively, a ﬁnal proximal post-dilation (19)
has been proposed to reduce elliptical stent deformation after
FKBD. Although effective, this approach has the limitation
of adding a step to the procedure.
A remaining obstruction of the side branch after FKBD
cannot be avoided, and the magnitude of this obstruction is
unpredictable. Similar ﬁndings have been reported based on
in vitro and in vivo optical coherence tomography studies
(20). For all investigated stents, we have observed cases with
an adequate opening of the cell toward the side branch, but
also cases in which the ﬁnal stent deformation was subop-
timal. This is the result of the large variation that occurs
when performing FKBD: stents may have different longi-
tudinal and rotational positions with respect to the sidebranch ostium (21), and the point of recrossing can vary.
There were no differences among the individual stent plat-
forms with respect to the side branch obstruction, which is
slightly surprising considering the fact that the designs have
a different number of connectors between subsequent rings.
The Omega platform has, for example, 2 connectors,
whereas the Multi-Link 8 design has 3 connectors.
Furthermore, the (theoretically) maximal cell diameter of
these stents is different (Integrity, 4.7 mm; Omega, 5.3 mm;
and Multi-Link 8, 4.2 mm) when evaluated by the method
described by Mortier et al. (22).
Interestingly, Foin et al. (20) reported a rate of ostial
stenosis after FKBD of 21% on the basis of micro-CT–
visualized bench tests, which is very similar to the results
obtained by our computer simulations. In addition, they
reported a maximum ostial stenosis of 46%, which corre-
sponds well to the maximum observed in this study, which
again conﬁrms the accuracy of the virtually-predicted stent
deformations.
The 3-dimensional visualization of stent strut malap-
position, as shown in Figure 6, helps to better explain this
unwanted phenomenon. It clearly shows that malapposed
struts may be located not only near the side branch ostium,
but also at different locations within the main branch.
First, malapposition occurs within the main branch near the
shoulders of the plaque due to the local vessel wall curvature.
Figure 4. Cross-Sectional View of the Overlapping Balloons During Final Kissing Balloon Post-Dilation
An equal pressure of 12 atm, as used in the simultaneous ﬁnal kissing balloon dilation (FKBD), results in more pronounced elliptical stent deformation (top). The
pressure difference in the 2 balloons during modiﬁed FKBD (bottom) leads to a more circular main branch (MB) balloon and a compressed side branch (SB) balloon.
Stent struts between the 2 overlapping balloons are not in contact with any of the 2 balloons.
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330Second, struts between the 2 overlapping balloons, as indi-
cated in Figure 4, are sometimes malapposed because of the
lack of direct outward pressure on these struts. Finally,
malapposition occurs within the main vessel near the side
branch ostium because of complex stent deformations in that
region.
The number of malapposed struts depends on stent
design, which may be important because some clinical
studies have suggested that incomplete stent apposition leads
to increased stent thrombosis (23,24). The reasons for the
observed differences in strut apposition are numerous. A
very important stent design characteristic for bifurcation
stenting is the maximal expansion capacity of a stentplatform. Deployment of a single stent in a main vessel of a
large bifurcation typically requires a considerable over-
expansion of the proximal stent segment to obtain adequate
strut apposition, certainly when the distal branch diameter is
used for stent sizing. This is 1 of the recommendations of
the European Bifurcation Club (9) and was followed in this
study. Each of the 3 3.0-mm stent designs included in this
study has a very different maximal expansion capacity, as
shown by a recent bench study (25). The 3.0-mm Integrity
stent is the same stent as the 4.0-mm size and can be post-
dilated to a minimal diameter of 5.4 mm (with a 6.0-mm
balloon), whereas the 2 other designs only have the middle
stent size and not the larger stent design available. This
Table 1. Comparison of the Results Obtained Using the Simultaneous
and Modiﬁed FKBD Strategies
Simultaneous FKBD Modiﬁed FKBD p Value
Ostial area stenosis 20  11 15  9 <0.001
Ellipticity index 1.36  0.06 1.17  0.05 <0.001
Malapposed struts 6.4  3.4 6.3  3.6 0.212
Values are mean  SD. Modiﬁed FKBD results in less ostial stenosis and decreases elliptical
deformation in the proximal main vessel. The amount of stent strut malapposition was similar
with both techniques.
FKBD ¼ ﬁnal kissing balloon dilation.
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331means that the Omega and the Multi-Link 8 stents were
close to their maximal diameter in our tests, especially in
bifurcation model B. Consequently, the rings of these stent
designs are almost fully stretched (i.e., limited zigzag shape),
particularly for the Multi-Link 8 stent, which may reduce
the ability of the rings to conform to the local vessel wall
curvature and thus lead to a greater number of malapposed
struts in the proximal main vessel. This also implies that
different results could be obtained when a different stent sizeFigure 5. Examples of Side Branch Access After FKBD
The remaining ostial stenosis after ﬁnal kissing balloon dilation (FKBD) varied signiﬁc
were obtained with all stents (left), but likewise, there were cases in which conside(with a different number of crowns and thus a different
expansion capacity) was tested. Another aspect inﬂuencing
strut malapposition in the proximal main vessel is that
overexpansion also increases the bumpiness of the outer
stent surface. This phenomenon was observed with all
stents, but was most pronounced for the laser-cut Omega
stent, probably because of its varying rectangular strut cross
section (larger strut width at the peaks compared with the
width of the straight struts).
Study limitations. All results are based on numerical models,
which inherently contain a number of assumptions and
approximations and may therefore not correctly represent in
vivo stent behavior. For example, simpliﬁed bifurcation
models were used, which may not fully reﬂect the large
variations in bifurcation anatomies and lesions (e.g., plaque
composition and distribution) that are encountered in clin-
ical practice. In addition, stent models were scanned in their
crimped conﬁguration, and the residual stresses in the stents
introduced by the crimping process are therefore not taken
into account. Although the stent models were generated
based on high-resolution micro-CT imaging, smallantly for all of the investigated stent platforms. Cases with limited ostial stenosis
rable obstruction of the side branch occurred (right).
Figure 6. Virtual Evaluation of Stent Strut Malapposition
An illustrative example of bifurcation model A is shown for each stent (top, front view as shown in Figure 1; bottom, back view). Struts with a strut-artery
distance >100 mm are shown in red.
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332differences may exist between these models and the actual
stent designs. Furthermore, simpliﬁed mechanical properties
are used to model the different alloys and the vessel tissue in
the computer simulations.
Conclusions
FKBD introduces an elliptical deformation in the proximal
main vessel while a remaining unpredictable amount of
side branch obstruction cannot be avoided. A modiﬁed
FKBD procedure is proposed that reduces this elliptical
deformation of the stent and optimizes the side branch
access.
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